Macroalgal beds have drawn attention as one of the vegetated coastal ecosystems that act as atmospheric CO 2 12 sinks. Although macroalgal metabolism as well as inorganic and organic carbon flows are important pathways for CO 2 13 sequestration by macroalgal beds, the relationships between macroalgal metabolism and associated carbon flows are still 14 poorly understood. In the present study, we investigated carbon flows, including air-water CO 2 exchange and budgets of 15 dissolved inorganic carbon, total alkalinity, and dissolved organic carbon (DOC) in a temperate macroalgal bed during 16 productive months of the year. To assess the key mechanisms of CO 2 sequestration by the macroalgal bed, we estimated 17 macroalgal metabolism and lateral carbon flows using a field-bag method, a degradation experiment, and mass balance 18 modelling over a diurnal cycle. Our results showed that macroalgal metabolism and lateral carbon flows driven by water 19 exchange affected air-water CO 2 exchange in the macroalgal bed and the surrounding waters. Macroalgal metabolism 20 caused overlying waters to contain low concentrations of CO 2 and high concentrations of DOC that were efficiently exported 21 offshore from the macroalgal bed. The exported water lowered CO 2 concentrations in the offsite surface water and enhanced 22 atmospheric CO 2 uptake. Our findings suggest that macroalgal beds in habitats associated with high water exchange rates 23 can create extensive CO 2 -sinks around them. 24
Air-water CO 2 flux 129
The air-water CO 2 flux (FCO 2 ) was determined by using the bulk formula method. The equation for the method is as 130 follows: 131 FCO 2 = −KS (fCO 2water − fCO 2air )
(1) 132
The gas transfer velocity (K) in Eq. (1) was determined from empirical relationships between K and the wind speed above 133 the surface of the water (e.g., Wanninkhof, 1992; McGillis et al., 2001) . A positive FCO 2 value indicates CO 2 absorption 134 from the air to the water. We here used the following empirical equation to estimate K (Wanninkhof, 1992) : 135 K = 0.39U 10 2 (Sc / 660) −0.5 , (2) 136 where U 10 is the wind speed at a height of 10 m above the water surface. We determined U 10 by assuming that there was a 137 logarithmic relationship between wind speed, height, and the roughness of the water surface (Kondo, 2000) . Wind speed was 138 obtained from Automated Meteorological Data Acquisition System (AMeDAS) data provided by the Japan Meteorological 139
Agency and was measured about 10 km away at Agenosho. The Schmidt number (Sc) was determined from the water 140 temperature and salinity of the water surface. 141
The solubility (S) of CO 2 is a function of water temperature and salinity (Weiss, 1974) . fCO 2water and fCO 2air are the 142 fugacity of CO 2 in water and that in air, respectively. fCO 2water was estimated by using chemical equilibrium relationships 143 and the TAlk and DIC of the water samples (Zeebe and Wolf-Gladrow, 2001 ). The average salinity and water temperature 144 were used to calculate fCO 2water in each survey. We used the averaged fCO 2air (410 µatm) measured with a CO 2 analyser 145 (CO2-09; Kimoto Electric, Osaka, Japan). 146
Mass balance modelling 147
The diurnal changes and budgets of the carbonate system and DOC were simulated by mass balance models of the 148 macroalgal bed. The mass balance models of the macroalgal bed simulated a hypothetical average macroalgal bed covering 149 an area of 1 m 2 . The average depth of the hypothetical macroalgal bed was the same as that of the macroalgal bed at the 150 study site (2.0 m), and the depth was changed to simulate the actual tide. We used the average biomass of sargassaceous 151 algae in the mass balance models. 152 Time course changes in the concentrations of DIC, TAlk, and DOC (µmol L −1 ) in the macroalgal bed were calculated at 153 hourly time intervals. The duration of the simulation was 24 h beginning at sunrise of the survey day. The initial values in 154 the simulation were defined as the average values at the offshore site (station H5). Each concentration at time step (t) was 155 calculated from the concentration at time step (t−1) as follows: 156 
Gross community production (GCP; µmol L −1 h −1 ), community respiration (R; µmol L −1 h −1 ), community calcification 160 (CC; µmol L −1 h −1 ), and net DOC release (NDR; µmol L −1 h −1 ) were determined from the results of the field bag experiments 161 (Table S1 in the Supplement). These metabolic parameters were calculated as the sum of the contributions from both 162 macroalgae and phytoplankton. The values of DIC O , TAlk O , and DOC O were the mean values at station H5. We assumed that 163 there was no biogeochemical exchange between the bottom substrate and water. In the simulation, the metabolic parameters 164 (GCP, R, CC, and NDR) of S. horneri were assumed to apply to the entire macroalgal bed. We used different metabolic 165 parameters during the day and night. EX (0 ≤ EX ≤ 1), the hourly water exchange rate, was defined as follows: 166
where EX tide indicates the water exchange rate due to tidal change. EX tide was estimated from the changes of depth, and was 168 positive during the flood tide and zero during the ebb tide. EX r was defined as the residual exchange rate due to factors other 169 than tidal change. EX r was determined by fitting the DIC model so as to minimize the root mean squared error (RMSE) 170 compared with the observed DIC values because the observed DIC values were the most variable in the concentrations in 171 this study and were suitable for such model fitting. This model fitting was performed using the daytime data. The estimated 172 EX r was applied throughout the diurnal cycle on the assumption that EX r was comparable during the day and night. The 173 budgets of DIC, TAlk, and DOC were calculated as the net gain or loss of each constituent due to water exchange. The 174 changes in fCO 2 , which were estimated using chemical equilibrium relationships and the TAlk and DIC of the water samples 175 (Zeebe and Wolf-Gladrow, 2001), were used to calculate FCO 2 . The average salinity and water temperature were used to 176 calculate fCO 2 in each survey. 177
Statistical analyses 178
Statistical analyses were performed by using the R statistical packages (R Core Team, 2019). We used a Welch's two-sample 179 t-test to determine whether there were differences in salinity, DIC, TAlk, fCO 2 , and DOC between the macroalgal bed and 180 the offshore site. 181 3 Results 182
Carbonate system and DOC in the macroalgal bed 183
There were no differences in salinity and TAlk between the macroalgal bed (n = 12) and the offshore site (n = 3) (Welch's 184 two-sample t-test, p > 0.05; Table 1) macroalgal bed (1964 ± 22 µmol L −1 ) than at the offshore site (1991 ± 1 µmol L −1 ) in February (p = 0.002). In March, the 186 variation of the DIC concentration was large (1962 ± 43 µmol L −1 ) in the macroalgal bed but was also significantly lower 187 than at the offshore site (1992 ± 1 µmol L −1 ) (p = 0.033). The fCO 2 values were significantly lower in the macroalgal bed 188 than at the offshore site in both February (p = 0.001) and March (p = 0.025). The fCO 2 values in the macroalgal bed 189 (February, 265 ± 31 µatm; March, 272 ± 49 µatm) and the offshore site (February, 305 ± 3 µatm; March, 309 ± 1 µatm) were 190 lower than fCO 2air (410 µatm). The DOC concentration was significantly higher in the macroalgal bed than at the offshore 191 site during March (p = 0.010). The DOC concentration was slightly higher in the macroalgal bed than at the offshore site 192 during February, but there was no significant difference between the two (p > 0.05). fCO 2 was strongly correlated with DIC 193 in both February and March (Fig. 2) . The homogeneous buffer factors (β), which were obtained as the slopes of log-log plots 194 of fCO 2 versus DIC, were 10.81 and 9.36 in February and March, respectively. 195
Community carbon metabolism was calculated from the field-bag experiments ( Table 2 and Table S3 in the Supplement). 196
The net community production (NCP) of macroalgae was about four times higher in March (1390 mmol-C m −2 d −1 ) than in 197 February (314 mmol-C m −2 d −1 ) ( Table 2 ). The NCP of macroalgae was considerably higher than that of phytoplankton (~13 198 mmol-C m −2 d −1 ). The net community calcification (NCC) of macroalgae was positive (~21 mmol-C m −2 d −1 ), but the values 199 were much lower than the NCP values. The net DOC release of macroalgae was 107 mmol-C m −2 d −1 and 88 mmol-C m −2 200 d −1 in February and March, respectively. These values were equivalent to about 34 % and 6 % of the NCP in February and 201
March, respectively. 202
Biomass and species composition of macroalgae 203
The macroalgal bed was dominated by sargassaceous algae (Fig. 3 and Figs. S1 and S2 in the Supplement). The biomass of 204 sargassaceous algae (mean: 4693 g-ww m −2 ) was higher than that of the other macroalgae (264 g-ww m −2 ) ( Fig. 3 ). The 205 coverage of sargassaceous algae (~80 %) was also larger than that of the other macroalgae (~51 %). 
Carbon budgets estimated using mass balance models 213
The mass balance models simulated the temporal changes in carbonate chemistry and DOC concentration (Fig. 5 ). The EX r 214 values were 35 % and 50 % in February and March, respectively (Table 3 ). The RMSEs for DIC model fitting were 9 µM and 25 µM, respectively. Hourly water exchange rates (EXs) were estimated to be 35-48 % and 50-76 % in February and 216
March, respectively (Table 3) . 217
The models were improved by considering water exchange (Fig. 5 ). DIC concentrations were decreased in the daytime 218 by primary production (Fig. 5a, e ). TAlk values in the macroalgal bed were stable and very similar to the TAlk values of the 219 offshore seawater (Fig. 5b, f) . The fCO 2 decreased during the daytime because of the concurrent decrease of the DIC 220 concentration ( Fig. 5c, g) . DOC concentrations in the macroalgal bed exceeded those at the offshore site during the daytime 221 ( Fig. 5d, h) . 222 DIC budgets driven by water exchange indicated a net input of DIC from offshore to the macroalgal bed ( Fig. 6 and 223 Table 3 
CO 2 absorption and DIC budgets in macroalgal bed 232
Atmospheric CO 2 absorption was affected by community metabolism and water exchange, which regulated the carbon 233 budget in the sargassaceous algae-dominated macroalgal bed. Positive NCP values showed that the macroalgal bed acted as 234
an autotrophic system during the study periods. Macroalgal DIC uptake (i.e., NCP) accounted for >97 % of total NCP in this 235 system ( Table 2) Our results show that metabolism and water exchange regulated the diurnal variations in DIC and fCO 2 in the macroalgal 245 bed. Our mass balance model analyses suggest that the high rate of water inflow from the outside of the bed strongly affected 246 bed was moderated by water exchange during the day. The high rate of water exchange reduced the difference in FCO 2 248 between the inside and outside of the macroalgal beds (Fig. 6) . Conversely, water characterized by low DIC and fCO 2 values 249 was efficiently exported from the macroalgal bed to the surrounding water (Fig. 6 ). Our findings therefore suggest that 250 macroalgal beds create areas of adjacent water that serve as CO 2 sinks. Previous studies have proposed that a canopy of the The homogenous buffer factor (β) is a general and helpful tool that can be used to identify the main processes that affect 263 carbonate chemistry dynamics (e.g., Frankignoulle, 1994). Frankignoulle (1994) found the relationship β = −7.02 + 0.186 264 × %C org , where %C org is the percent change of the DIC concentrations due to photosynthesis and respiration. By using this 265 equation, we calculated the %C org to be 96 % and 88 % in February and March, respectively (Fig. 2) . The results therefore 266 indicate that NCP was the main regulator of carbonate chemistry, and the contribution of NCC was relatively small. This 267 conclusion is consistent with the results of the field bag experiments (Table 2) . the productive period at our study site (Table 1 and 2). The macroalgal NCP value during March was four times higher than 276 the value during February in the present study (Table 2) (Table 2) , but these values were substantially lower than macroalgal NCP values 285 in this study. 286
Refractory DOC release by macroalgae 287
Our results showed that the sargassaceous algal bed released a large amount of DOC (Fig. 6 ). Most of the released DOC was 288 exported out of the macroalgal bed via water exchange during the day. The DOC release rates of S. horneri (18.7-22.8 µmol-289 Table S1 in the Supplement) are within the range of those reported for Ecklonia kelp (1.5-72.5 µmol-C g-290 0.0058-0.0407 d −1 ). In the present study, the turnover times of DOC released by S. horneri were calculated to be 227-556 305 days (k values, 0.0018-0.0044 d −1 ), longer than the turnover times of Ecklonia kelp. These findings indicate that the 306 recalcitrance of macroalgal DOC is variable and depends on the species and environmental conditions. 307
The fact that the turnover times of macroalgal DOC are longer than those of DOC released by phytoplankton (~40 days; 308 The present study showed that macroalgal metabolism and lateral carbon flows regulated carbon budgets and air-water CO 2 338 exchange in a temperate macroalgal bed and its surrounding water. Macroalgae absorbed DIC via photosynthesis and 339 released large amounts of DOC to the offshore waters adjacent to the bed. Hydrological water exchange enhanced the lateral 340 carbon flows and the spread to the surrounding water of low-fCO 2 and high-DOC water mediated by macroalgal metabolism. 341
Our findings suggest that macroalgal beds create areas of adjacent water that serve as CO 2 sinks. These results suggest the 342 need for future research to assess the areal extent and fate of macroalgae-mediated low-fCO 2 and high-DOC waters. 
